This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. work, we present two-dimensional electronic-vibrational (2DEV) spectra of LHCII isolated from spinach, demonstrating the possibility of using this technique to track the transfer of electronic excitation energy between specific pigments within the complex. We assign the spectral bands via comparison with the 2DEV spectra of the isolated chromophores, chlorophyll a and b, and present evidence that excitation energy between the pigments of the complex are observed in these spectra. Finally, we analyze the essential components of the 2DEV spectra using singular value decomposition, which makes it possible to reveal the relaxation pathways within this complex.
Introduction
Light-harvesting complex II (LHCII) is the major photosynthetic antenna complex for higher plants. It comprises a substantial fraction of the protein content in the thylakoid membrane and binds a majority of the chlorophyll (Chl) a and b found in plants. (1) In the membrane, LHCII forms a trimer with pseudo-C 3 symmetry. Each monomer binds 14 Chl molecules, typically 8
Chl a and 6 Chl b, as well as four carotenoids-two luteins, one neoxanthin and one violaxanthin, which is believed to interconvert according to the violaxanthin-antheraxanthinzeaxanthin cycle. ( 2) The positions of the chlorophyll molecules inside the LHCII trimer are shown in Figure 1 . The Chls serve primarily as light-harvesting pigments, absorbing solar photons and transferring the electronic excitation energy to the photosystem II (PSII) reaction center. The role of the various carotenoids is rather more complex, as they can function both in light harvesting and in photoprotection. (3) (4) (5) (6) (7) (8) (9) LHCII is responsible for the majority of light absorption associated with PSII. Because of this central role in oxygenic photosynthesis, the structure and the detail of the electronic excitation dynamics in LHCII have been thoroughly characterized,(2) using a wide variety of techniques, ranging from X-ray crystallography, (10, 13) genetic manipulation, (14, 15) and structure-based modeling (12, 16) to a broad variety of steady-state and time-resolved spectroscopies, (17) (18) (19) (20) (21) (22) (23) (24) ) including a series of recent studies utilizing two-dimensional electronic spectroscopy (2DES). (25) (26) (27) (28) However, there remain limits on our understanding that are imposed, in large part, by the limitations of the techniques that have been hitherto available.
All spectroscopic methods which rely solely on interaction with electronic transitions suffer from the same defect, which is related ultimately to the difficulty in separating the effects of differences in electronic site energies of individual pigments and of electronic coupling between pigments. Electronic transitions occur between eigenstates of the electronic Hamiltonian, which in complex systems are often not easily related to the site basis of actual pigments and their positions. This fact necessitates sophisticated modeling efforts to provide the link between the electronic spectroscopies and the actual flow of the excitation energy through the complex, which is typically the goal of these studies. A variety of techniques based on a combination of structural and spectroscopic information have been developed to address this issue for photosynthetic light-harvesting complexes, (16, 29) and progress has also been made in addressing these questions using quantum chemistry techniques, (30) (31) (32) (33) (34) but a significant degree of ambiguity and uncertainty remains. Additional complexities arise from the fact that the site basis is generally the natural basis in which to describe the environment and the interactions between the environment and the electronic excited states, and that the strength of the coupling to the environment is typically of the same order of magnitude as the strength of the electronic coupling between pigments, and the thermal energy k B T. Thus, accurate quantum dynamics simulations must rely on computationally expensive exact methods (35, 36) or on approximation schemes that must balance accuracy with cost. (12, 16, 37, 38) The spatial organization of the electronic eigenstates according to the best currently available Hamiltonians developed using these modeling procedures is shown in Figure 1 , but an experimental approach capable of directly providing this link between the electronic eigenstates and the site basis would be of great value in the research of photosynthetic light harvesting.
Recently, we have proposed an experimental method by which this direct link might be obtained, based on 2D electronic-vibrational (2DEV) spectroscopy. (39, 40) 2DEV spectroscopy is a two-color coherent multidimensional spectroscopic technique that is capable of directly correlating the electronic transitions of a molecule with its vibrational structure, by using a combination of visible and mid-infrared (IR) laser pulses. (39, 41, 42) The essential idea is to leverage the local character of certain high frequency Chl vibrational modes, and use these localized vibrations as a proxy for position within the large protein complex. The pigments are located in different positions within the protein, and are therefore exposed to slightly different electrostatic fields induced by the protein. Furthermore, the differences in the various binding pockets induce different minor structural deformations in the Chls located at each binding site and bind the Chl to the protein using different axial ligands and hydrogen bonding configurations.(10) Together, these effects cause shifts in the frequencies of various high energy vibrations, making it possible, in principle, to identify specific sites by their vibrational bands. These are the same effects which result in different electronic energies for each site.
However, unlike the electronic absorption spectrum, which is determined by both the site energies as well as the electronic couplings, the vibrational spectrum of the individual pigments is not likely to be strongly affected by dipole interactions with neighboring pigments. Therefore, as long as it is possible to assign vibrational bands to specific pigments, it should be possible to use 2DEV spectroscopy to directly relate the electronic excitation spectrum and the excited state energy transfer dynamics to specific sites within the complex.
Here, we present 2DEV spectra of the Chl a and Chl b Q bands in isolated LHCII trimers and demonstrate how different bands display different dynamics, depending on both the electronic state that is excited as well as the vibration that is probed. Some of these features, such as the relaxation from Chl b sites to Chl a sites, are easy to assign, and provide us with an unambiguous measurement of these relaxation dynamics, potentially revealing discrepancies with the best available Hamiltonians for LHCII. Other vibrational bands are more difficult to localize and at present can only be tentatively assigned based on their dynamics and the available Hamiltonians. These results compare favorably to previous transient IR spectra of LHCII, which-because of the nature of transient absorption spectroscopy-suffered from limitations in spectral and temporal resolution, hindering the degree of information that could be extracted. (43) We expect that a combination of mutant studies, theoretical calculations of vibrational electrochromic shifts, and high level QM/MM simulations will make the assignments of these bands possible, thereby placing these measurements among the most detailed experimental studies of the electronic relaxation dynamics in LHCII, or any other photosynthetic light-harvesting complex, to date.
We present the discussion of the results in three parts. First we provide assignments for the major features observed in the 2DEV spectra of LHCII, given in comparison to 2DEV spectra of isolated Chl a and Chl b. Then we qualitatively describe the dynamics observed in the spectra. Finally, we perform a principle component analysis of the LHCII spectra based on the singular value decomposition (SVD) and provide a more quantitative analysis of the time scales and dynamics observed in these spectra.
2DEV spectra of isolated Chl a and Chl b and of LHCII at an early waiting time t 2 = 0.25 ps, prior to the majority of the exciton transfer and relaxation, are shown in Figure 2 . The features in spectra of the isolated chromophores have been assigned in detail in previous work,(44) but for clarity we will briefly discuss them here. These spectra are dominated by several broad structures along the detection axis ω 3 . The intense bleach features at ω 3 = 1655 cm -1 in the to the crystal structure of LHCII,(10) the majority of the Chl pigments are either four-or fivecoordinate, and so the spectral positions of these peaks should be expected to be more similar to the features observed in the LHCII spectra.
The 2DEV spectrum of LHCII shown in Figure 2c shows several bands that can be readily In addition to these bleach bands, which can be used to identify excited state population on
Chl a and Chl b, the bleach of a chlorin ring stretching mode is observed at ω 3 = 1555 cm the spectrum with respect to the detection frequency ω 3 is given by the vibrational spectrum of the sites which can be populated by a visible excitation at ω 1 . The weight in the spectrum of each individual site is provided by the participation of that site in the exciton states excited by that excitation energy. The loss of strong dependence on ω 1 at longer waiting times t 2 indicates that the excitation energy in the complex has largely approached its equilibrium distribution with respect to the excited state manifold. It is believed to take ∼50 ps for excitation energy in LHCII to fully equilibrate. (12) The dependence of the spectral intensity on ω 1 depends primarily on the amount of population initially created with that energy; therefore, this aspect of the structure is not expected to relax.(40) For LHCII at 77 K, when the electronic excited states have equilibrated, the majority of the population will be localized on the low energy trimer composed of the sites a610, a611, and a612.(12) This t 2 = 15 ps spectrum, then, should be described reasonably well as the 2DEV spectrum of these three sites, with the ratio of each given by their relative population at equilibrium, independent of the excitation energy.
Between the limiting cases of the initial excitation distribution observed in the t 2 = 0 ps spectrum and the long time spectrum of the roughly equilibrium populations, 2DEV spectra at intermediate times contain the details of excited state energy transfer and relaxation. To facilitate the visualization of the effect of the excitation energy transfer between the various chromophores in the complex, we plot slices through the two main electronic excitation bands at ω 1 = 14 800 and 15 400 cm -1 in Figure 3e ,f. Here, the dynamics have been normalized to the fit to the first right singular vector V 1 (t), which represents the overall relaxation of the spectrum, and will be discussed in greater detail subsequently. further substantiated, it seems unlikely that the overall connectivity of the current Hamiltonians is incorrect, as this is determined in large part by the crystal structure for LHCII. The models used to estimate the site energies and coupling strengths, however, will certainly have to be reevaluated.
In addition to the dynamics of these bleach features specifically associated with either Chl a or Chl b, the broad excited state absorption feature also of significant interest. They can be roughly separated into three regions which display different kinetics: two narrower bands at ω 3 ≃ 1650 and 1635 cm -1 , and a broad region encompassing ∼1560-1620 cm -1 (centered near 1590 cm Following an initial sub-ps time scale shared between the two excitation bands, for the higher energy excitation this increase slows substantially, and the intensity remains roughly constant, whereas it continues to gain intensity for the lower energy excitation region.
Together, the dynamics of these modes suggest a flow of excitation energy through the Table 1 .
The first spectral component U 1 shows very similar structures to the spectrum at t 2 = 1 ps, as seen in Figure 3b . This is indicative of the fact that the overall changes to the spectrum with respect to t 2 are relatively minor, with the major features remaining essentially unchanged. The dynamics in the first right singular vector V 1 reflect the overall decay of the spectrum as the excited state population returns to the ground state. The kinetics are described by two components with similar amplitudes, time constants of τ 1 = 1.13 ps and τ 2 = 9.97 ps, with the slower nanosecond scale relaxation captured by the constant offset.
The other three significant components can be most easily understood as describing the evolution of the spectrum with respect to the overall relaxation captured by U 1 (ω 1 , ω 3 )
and V 1 (t 2 ). The spectral components U 2 , U 3 , and U 4 are rather complicated, but there are several features for which we have made the assignments, which aids in the interpretation of the associated dynamics. This represents a gain in this part of the excited state band following the same dynamics as the decay of these Chl b states, indicating a Chl a intermediate that is quickly populated by the relaxation of these higher energy states which is bypassed by the Chl b excited at lower energies, which relax directly to the band at ω 3 = 1620 cm -1 . With precise assignments, this should make it possible to identify which Chl a and b moieties are involved in unexpectedly large mixing, but by following the Novoderezhkin Hamiltonian, we can conclude that overall these fast dynamics are likely a signature of either the stromal side relaxation from the b601′-b608-b609 cluster to the a602-a603 cluster and the a610-a611-a612 low energy trimer, or of the lumenal side relaxation from the b606-b607 dimer to the a604-b605 dimer. The third SVD component shows a rise component with a time scale of 0.46 and 4.21 ps and is associated with a negative spectral feature at ω 3 = 1600 cm -1 , which seems then to describe the long time rise of the excited state band in this region of the spectrum. Presumably, this band should be related to the low energy trimer a610-a611-a612 which contribute to the lowest energy electronic states, and perhaps the bottleneck sites a604, a613-a614, and a602-a603. The fourth SVD component shows a fast 0.45 ps rise followed by a 4.21 ps decay and is associated with a negative band at ω 3 = 1645 cm -1 . This feature must be related to some short-lived intermediates, such as b605, which might act as an important intermediate in the Chl b to Chl a energy transfer. This seems reasonable, as it is also associated with a positive band near the Chl b 1690 cm -1 ground state feature, but has its intensity peaked instead at ω 3 = 1685 cm -1 and therefore may be a shifted Chl b bleach band. The Novoderezhkin Hamiltonian(12) predicts the popluation on b605 to decay to a604 on a 3.6 ps time scale, which is in good agreement with our observed kinetics. The details of these spectral components suggest that if it is possible to accurately assign the specific vibrational shifts of each Chl molecule in the LHCII complex, these data will reveal specific energy transfer pathways that would be very difficult to resolve with conventional time-resolved electronic spectroscopies.
In this work, we have presented and discussed the structures and dynamics observed in 2DEV spectra of the photosynthetic light-harvesting complex LHCII. The major features of the spectrum are assigned by comparison to the 2DEV spectra of isolated Chl a and Chl b.
However, there are some significant differences, the details of which are difficult to precisely assign. The substantial advantage of this method over traditional electronic spectroscopic techniques comes from the unambiguity with which it can be possible for molecular vibrational bands to be assigned to specific molecular species, as opposed to the broad, relatively structureless electronic transitions. The major difficulty for this system is in making the assignments in a large and complex system. An analysis of the vibrational shift induced by the protein due to effects such as specific conformational distortions, hydrogen bonding, coordination state, and shifts induced by the electrostatic fields of the protein environment will provide greater insight into the detailed assignments of the observed vibrational bands.
Advances in quantum chemistry methods that would allow for the exploration of excited state potential surfaces of large and complex systems like LHCII would be of great value toward complete understanding of the photophysics of photosynthetic light harvesting.
We use the dynamics of the spectrum, coupled with a SVD spectral analysis, to demonstrate 
Experimental Methods
The details of the 2DEV technique have been detailed previously.(39) The experiment was driven with a Ti:Saph oscillator and regenerative amplifier (Micra, Legend Elite, Coherent), which was used to pump a home-built visible NOPA and a home-built mid-IR OPA. The visible pump covered the region ∼14 250-16 700 cm -1 , to span the Q bands of the Chl a and
Chl b absorption spectra. The infrared laser was centered at 1620 cm -1 , resonant with the high frequency Chl carbonyl and chlorin ring C═C stretching vibrational modes. The first time delay t 1 between the visible pump pair was generated and controlled using a pulse shaper (Dazzler, Fastlite), and the experiments were performed in the partially collinear "pump-probe" geometry. t 1 was scanned from 0-75 fs in 1.5 fs steps for the LHCII data and in 2.5 fs steps for the Chl a and b data in the fully rotating frame. Each visible pulse was compressed using the pulse shaper together with a SF14 prism pair to ∼15 fs, as characterized by self-referenced spectral interferometry(52) (Wizzler, Fastlite). The total excitation power was attenuated to ∼325 nJ and focused with a f = 25 cm silver-coated 90° off-axis parabolic mirror to a spot size of ∼250 µm.
To measure the changes in the infrared absorption along the detection axis ω 3 , the infrared probe laser was dispersed on a spectrometer, imaged onto a dual-array 64 element HgCdTe detector (Infrared Systems Development). To mitigate the effect of shot-to-shot laser noise in the IR, the signal was normalized against a reference beam. At the sample, each IR laser beam has a total pulse energy of ∼100 nJ and a duration of ∼60 fs. The beams were focused at the sample using a f = 15 cm gold-coated 90° off-axis parabolic mirror to a spot size of ∼200 µm.
The entire IR laser setup was purged with dry, CO 2 -free air provided by a lab gas generator (Parker Balston).
The waiting time t 2 between the visible pump pair and the IR probe was controlled with a motorized delay stage. The relative polarization of the pump and probe lasers was set to either parallel (giving rise to the signal S ∥ ) or perpendicular (S ⊥ ), and the isotropic responses were calculated as S iso = S ∥ + 2 S ⊥ . The desired 2DEV signal was isolated by phase cycling the pump pulse pair in a 4 × 1 scheme,(53, 54) and a Fourier transform was performed along t 1 to produce the final electronic excitation frequency ω 1 vs vibrational detection frequency ω 3 correlation spectra, parametrized by the waiting time t 2 .
The LHCII sample was isolated from spinach, and dispersed in a buffer of 50 mM Tris-HCl Table 1 . 
